This study systematically analyzes long-term (1973e2011) daily flow data collected near the Mackenzie basin outlet. It clearly defines the variability, extreme events, and changes in daily flow records over the past 4 decades. The results of this study accurately determine the seasonal cycle of river discharge, including the range of highest and lowest daily flows. The interannual variation of daily flow is generally small in the cold season, highest in the spring melt period, and large over the summer months mainly due to rainfall storm activities and associated floods. This study also shows that Mackenzie River flow regime has changed over the past 4 decades due to climate variation, with the advance of snowmelt peak timing by several days, decrease in maximum spring flows by about 3000 m 3 /s, and weak rise of cold season base flows. These results are the consequence of hydrological response to regional climate warming, and they provide new knowledge to improve our understanding of large-scale environmental changes over the broader northern regions.
Introduction
Climate warming is most significant over the past several decades in the northern regions. Climate models project a 1e4 C global surface air temperature increase in the 21st century, with even greater increase in the Arctic regions (Kattsov et al., 2005; IPCC, 2013) . This warming trend will impact the structure, function, and stability of both terrestrial and aquatic ecosystems and alter the landeocean interaction in the Arctic. Arctic rivers are the dynamic component of the global climate system. Discharge from the Arctic rivers contributes as much as 10% to the upper 100 m of water column of the entire Arctic Ocean. The amount and variation of this freshwater in flow critically affect the ocean salinity, surface temperature, and sea ice formation, and may also exert significant control over global ocean thermohaline circulation (Aagaard and Carmack, 1989) .
Arctic hydrologic systems exhibit large temporal variability due to changes in large-scale atmospheric circulation and poleward moisture transport (Saito et al., 2013; Zhang et al., 2013) . This variation (particularly extreme events) significantly influences the cross-shelf movement of water, nutrients and sediments. Examination of streamflow regime and change in the major northern river basins and their relations to surface climate and atmosphere are critical to better understand and quantify the atmosphereelandeocean interactions in the Arctic and consequent global impacts. Many studies report remarkable changes in water cycle components of the northern hydrology systems, such as increases of Eurasian Arctic river discharge (Peterson et al., 2002; McClelland et al., 2006) , discharge increases in winter and decreases in summer for the Yenisei, Lena, Ob' watersheds in Siberia Yang et al., 2004a,b) , earlier melt of snow cover (Yang et al., 2007; Brown and Mote, 2009; Shi et al., 2013) and river ice breakup (Bonsal et al., 2006; Prowse et al., 2010) , shift of peak flows in the spring season (Yang et al., 2007; Ge et al., 2012) , and record high floods in 2007 for the large Siberian rivers (Shiklomanov and Lammers, 2011) along with an extreme loss of Arctic summer sea ice (Comiso et al., 2008) . Ge et al. (2012) found that Yukon River annual flow increase by 8% over the past 40 years; summer flows have a higher fluctuation, and peak snowmelt flow slightly increases with its timing shifted to an earlier date. These changes in streamflow hydrology features are caused by climate variations and human impacts, particularly winter flow increase as the result of reservoir storage and regulation in Siberian regions , Yang et al., 2004a .
Streamflow records observed at the watershed outlet reflect basin integration of both natural variations and human-induced changes, such as changes of land cover/land use and regulations of large dams within the watersheds. Discharge data collected at the river mouth are particularly important as they represent freshwater input to the ocean and are often used for basin-scale water balance calculations, climate change analysis, and validations of land surface schemes and GCMs over large spatial scales. It is therefore important to understand the fundamental characteristics, including temporal variations and changes in basin streamflows at various time scales (such as daily, monthly, yearly to decadal time steps). Many studies use monthly and yearly flow data to examine and document arctic hydrology changes (Lammers et al., 2001; Peterson et al., 2002; Ye et al., 2003; Yang et al., 2004a,b; McClelland et al., 2006; Adam et al., 2007; Shiklomanov et al., 2007; Rawlins et al., 2010) and biogeochemical processes (Liu et al., 2005; Holmes et al., 2012; Tank et al., 2012) . It has been recognized that monthly flow data and analyses are not always suitable for hydrological process investigations over the cold regions, especially during the spring snowmelt period that may last from a few weeks up to several weeks, and summer rainfall floods (most often lasting up to a few days to a week). Yang et al. (2002) used daily, monthly, and annual flow data to study Lena river hydrology changes; their analysis of the long-term daily discharge records at the Lena basin outlet confirms an advance of snowmelt peak flood from June toward late May. Yang et al. (2003) also generated weekly flow data from the daily records for the large Siberian Rivers and compared them with weekly snow cover extent and SWE data, and established regression relationships between snowmelt and spring season flows. These relationships are useful for the prediction of spring flows over the large northern regions.
River flows significantly vary at the inter-annual time scale in the arctic regions. Daily flow data are necessary to accurately Fig. 1 . The Mackenzie River system, including major sub-basins and locations of large lakes, reservoir, and the Arctic Red River gauging station near the basin outlet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) document discharge seasonal cycle and its change. Daily discharge data are also useful for the determinations of river heat and chemistry fluxes that depend on the streamflow fluctuation, water temperature, and chemical concentration (Liu et al., 2005; Lammers et al., 2007; Holmes et al., 2012; Tank et al. 2012) . This study assesses the Mackenzie River daily flow variability and its change over time. The focus of this analysis is on the basin scale (as a whole at the outlet control station) to improve our understanding of the integrated, large-scale hydrologic processes in the northern regions. It systematically analyzes long-term (1973e2011) daily discharge records collected near the Mackenzie River outlet, so as to quantify the annual and seasonal freshwater fluxes to the Arctic Ocean and their interannual variation and long-term changes. Specifically, this work will characterize river discharge regime at the daily time scale, and document flow variability, including extremes and changes over the past 40 years. This study will also discuss the key processes of interaction and feedback between climate and hydrology, particularly snow cover and river flow in the northern regions, thus providing new knowledge of northern river freshwater variability and change. The results of this work are useful for the development and validation of ocean/land surface models, large-scale water budget analyses, and hydro-climate change investigations in the arctic regions.
Basin, data, and methods
The Mackenzie is the largest northward flowing river in North America (Fig. 1) . It drains an area of 1.8 million km 2 , about 1/5 of the total land area of Canada. Its headwaters, covering parts of British Columbia, Alberta, Saskatchewan and the Northwest Territories, collect a vast system of rivers which flow into Great Slave Lake, from which the Mackenzie River proper flows in a northwesterly direction for about 1600 km before discharging through the Mackenzie Delta into the Beaufort Sea. The freshwater contribution is about 325 km 3 /year, or approximately 7% of the annual in flow to the Arctic Ocean as a whole. This freshwater input and its distribution may affect sea ice melt process (Nghiem et al., 2014) . The physical features of Mackenzie River basin vary widely from the Rocky Mountain system to the flat, mainly treeless wastes of the barren lands. Permafrost and wetland cover approximately 75% and 49% of the basin. Pingos and pattern-ground features associated with continuous permafrost are found in the north, while agriculture and forestry are important economic activities in the southern parts of the basin. The basin has several climatic regions, including cold temperate, mountain, subarctic, and arctic zones. Mean annual temperatures vary from around À10 C to 4 C, and annual precipitation ranges from more than 1000 mm in the southwest to about 200 mm along the arctic coast, average about 410 mm per year Thorne, 2003, 2014) . There are many lakes in the basin. The three large ones are Lake Athabasca, Great Slave, and Great Bear lakes, with surface areas of 79.12 Â 10 3 , 28.6 Â 10 3 and 31.3 Â 10 3 km 2 respectively. These lakes are integral parts of the drainage network and they provide natural regulation to the system. One large reservoir (the Williston Lake reservoir, surface area z1.8 Â 10 3 km 2 ) has been built in the upper Peace River, and outflow at Bennett Dam is regulated for power production. This regulation may substantially influence the water level fluctuations in Great Slave Lake; but did not significantly affect the flow conditions at the lower Mackenzie (Peters and Prowse, 2001; Woo and Thorne, 2003) . Recent work by Woo and Thorne (2014) reports that the release of water from Peace River at the Bennett Dam provides 40e60% of the winter flow of the Mackenzie River. This result seems to suggest significant dam effects over the winter season.
The Water Survey of Canada (WSC) has gauged the Mackenzie River at several locations along its main trunk since early 1970's. The flow at the gauge of Arctic Red River combines the regimes of its sub-basins. Discharge data collected at this location ( Fig. 1) , before the river branches into many distributaries, are considered as the total flow for the Mackenzie River system. The entire daily flow records for this station, available to all users including the general public at the hydrometric database (HYDAT) for the period of 1973e2011, have been obtained and used for this study. This study also used precipitation data from the extended University of Washington gridded dataset (Shi et al., 2013) , which originates from the University of Delaware (UDel) land precipitation product (Matsuura and Willmott, 2009) . The UDel product is adjusted for gauge undercatch since solid precipitation is typically underestimated in the cold season by 10%e50% (Adam and Lettenmaier, 2003; Adam et al., 2006; Yang et al., 2005) . The gridded precipitation data for the Mackenzie River Basin are averaged across the watershed during the water years (1972/73e2006/07).
The Mackenzie River has been the focus of many climate and hydrology research programs and projects, including the Mackenzie GEWEX Study (MAGS) (Woo et al., 2008a,b) . Rawlins et al. (2009) examined the freshwater anomalies through the airelandeocean system in the extremes discharge years. Lesack et al. (2014) reported the earlier ice breakup during 1974e2011 over the Mackenzie delta due to local spring warming and snowfall decrease. Prowse et al. (2010) documented changes in spring air temperature gradients along the main trunk of the river and discussed the implications for the severity of river ice floods. Nghiem et al. (2014) investigated the effects of Mackenzie River discharge and bathymetry on sea ice in the Beaufort Sea and found warm waters intrusion from the Mackenzie River impacts sea ice melt. Yang et al. (2014) determined the basin water temperature regime and calculate the heat input to the Arctic Ocean. This paper, based on the most updated long-term daily flow data for the Mackenzie River, complements other large-scale hydrological studies for the northern regions. This study uses various statistical approaches for data analyses to calculate the mean, and standard deviation of the daily discharge records. It also carries out trend analysis and statistical significance test to identify long-term changes. It applies a linear regression to daily discharge records to determine its changes as a function of time (year). The total trend is defined by the difference of flows shown on the regression line between the last year and the first year. The standard t-test is used to determine the statistical significance of the trends. This method has been used to study the flow changes for other northern rivers (Yang et al., 2002 . This work also identifies the extreme flow cases (years) and determines the difference between the extremes, in order to define the range of daily flow variability over time. Through comparisons of our results to other relevant studies over the northern basins, such as the Lena and Yukon Rivers, this paper presents new information and knowledge that will improve our understanding of variability and changes in the arctic hydrology system.
Results
Long-term daily discharge records at the Arctic Red River station are available for this study. Fig. 2 shows all daily discharge data for the period 1973e2011. It is clear that the daily flows in the cold season (November to April, or Julian day (JD) 301e120) are very low and do not vary much over the season. This is because the low flows in the cold season are dominated by groundwater (baseflow) that does not change significantly in winter. For the warm season (May to October, JD 120e300), daily flows peak in the spring to early summer due to snowmelt and breakup of river ice (JD 135e185), and summer flows are also high due to rainfall contributions. The daily flows over the warm season are quite different among the years, mainly due to the large interannual variations in spring snowmelt process and summer rainfall fluctuation.
Due to climate change in the northern regions, it is very important to study the extreme hydrological events and processes. We select two years with extreme (highest and lowest) daily peak flow conditions. Fig. 3 presents the daily hydrographs for the two selected years. The lowest peak flow year was 1995, with the daily maximum being about 16,000 m 3 /s on JD 127. This extreme year has been studied in the MAGS project. The low discharge reflects both negative anomalies in PeE and a pattern in which recycled summer precipitation fell over the southern part of the basin, characterized by low runoff ratios and dry surface conditions immediately prior to the water year (Liu et al., 2002; Louie et al., 2002) . Rawlins et al. (2009) also examined the monthly PeE for the selected years, including 1995, and concluded that the record low flow in 1995 was largely the result of negative PeE anomalies from June to September, particularly in June and July. Negative PeE anomalies indicate relatively dry surface conditions over the basin and also lower flows, and low runoff ratio for the years. Negative anomalies in summer precipitation recycle also suggest less rainfall and dry conditions associated with the low flows.
On the other hand, the highest daily flow year was 1992, with the daily peak of 35,000 m 3 /s on JD 152. To examine the possible reasons for the extreme flows, we used two methods to calculate the winter total snowfall from 1972/73 to 2006/07 (water year).
One is the sum of total monthly precipitation from October to May; the other is total daily precipitation for those days with air temperatures below 0 C. The results are consistent; they both show highest snowfall winter for 1991/92, while 1994/95 was one of lowest snowfall years for the period 1973e2007 (Fig. 4) . In addition, we also found that monthly SSMI data also suggest higher basin SWE (about 10 mm anomaly) at the end of 1991/92 winter season. Based on these data, the highest peak flow in 1992 was very likely due to the higher snowpack and fast melt over the spring season.
It is important to note the very large difference in both magnitude and timing of the peak flows, i. (Dean et al., 1994) . To better understand daily flow characteristics, we calculate the mean, maximum and minimum discharge, and the standard deviation. /s). The minimum and maximum flows are, respectively, the lowest and highest daily values in the records for each day. In other words, they are the extremes in the daily flow records and define the range of daily flow fluctuation. The pattern of the minimum flows is similar to that for the mean daily flows, with a peak value (about 12,000 m 3 /s) in the spring and recession in the summer and fall. The maximum flows also peak in the spring (about 35,000 m 3 /s), and fluctuate over the summer season due to heavy rainfall events over the basin. It is important to notice the huge difference among the mean and extreme flows particularly during the snowmelt season. For instance, taking the minimum flow as the reference, the mean peak spring flow is about 100% higher, and the maximum peak flow is roughly 300% higher. Summer floods are critical for basin hydrology and regional water resources management. According to past studies (Liu et al., 2002; Louie et al., 2002) , Mackenzie basin annul total precipitation is about 350e500 mm, and summer rainfall ranges from 40 to 55 mm during July to August. Due to data limitation, daily basin rainfall data are not available for most years. Cao et al. (2002) examined the extreme low spring flow in water year 1994/95, and reported daily rainfall intensity in the range of 0.5 mm/ daye5 mm/day. They found summer flow rises in response to rainfall events of 20e25 mm over the basin. Another study in a small basin in northern Alaska indicated discharge response to rainfall of 15e25 mm over several days (Kane et al., 2000) . The Mackenzie River is very large with different climatic and physical conditions among the sub-basins; basin runoff generation and flooding processes are complex. However, better rainfall data with finer time resolution will allow improved understanding of summer floods over the northern regions.
The standard deviation (STD) of the daily flows ranges from 570 m 3 /s in winter to 6675 m 3 /s in summer, with the highest value in the snowmelt period (Fig. 5 ), clearly indicting a large interannual variation in basin snowmelt and ice breakup processes. There are also weak fluctuations in the STD values over the summer season as the result of rainfall inputs and impacts. The coefficient of variation (CV) is another measure of discharge viability. Our analysis shows the daily CV varies from about 15% to 50% of the mean daily flows. It is interesting to point out the difference between the CV and STD patterns. Unlike the STD, the CV has two peaks; one in spring (around JD 110e145) and the other in fall (about JD 300e340). The first peak (about 50% on JD 133) appears by about 10 days before the STD spring peak (on JD 143); the second peak is about 30%, weakly corresponding to the STD pattern during November to December. The summer CV values are relatively lower (about 20%) mainly due to higher flows, although the STDs are higher in the summer season (Fig. 6) .
To examine the changes in basin hydrologic features, Fig. 7 displays the time series of the mean, minimum and maximum daily flows, and the Julian day (JD) for the spring peak flows. There are large variations over time in the peak daily flows, with the lowest and highest being 15,800 m 3 /s and 35,000 m 3 /s, respectively. The peak timing was mostly in May, but sometimes in June due to late melt of snow cover over the basin. Trend analyses reveal a statistically significant (85% confident) tendency of decreasing peak flow by about 3000 m 3 /s over the study period. Spring peak flows are closely related with the ice breakup. Analysis of breakup phenology of the Mackenzie River has found that breakup characteristics during 1970e2002 have become significantly earlier (de Rham et al., 2008) . Breakup severity at the Mackenzie River mouth has declined in recent decades (Emmerton et al., 2007; Goulding et al., 2009) , although sea level changes may also play a role at this rivereocean interface. Spring snowmelt is the most significant hydrological event in the northern basins, as it contributes large amount (up to more than 50% of total flow in some arctic basins) . We calculate the ratios of maximum daily flow to annual mean flow for the Mackenzie basin; they range from 2.3 to 3.8 over the past 4 decades. With decreasing daily peak flows, this ratio dropped by 0.5 (or 8%) during 1973e2011 (Fig. 8) .
The timing for the peak daily flows varies greatly as well, from JD 135 to 188 in the spring to early summer; peak timing advanced by about 5 days over the period 1973e2011 (Fig. 7) . Our results, i.e. decrease peak flow amount and the advance in timing over the Mackenzie, are consistent with other studies for the large northern regions and rivers Yang et al., 2004a,b; Prowse et al., 2010; Ge et al., 2012) . They are likely the responses of river system to regional climate warming particularly over the cold season e fall to spring. It is important to explore the relationship between and peak flow amount and its timing for the northern regions. Snowmelt process affects the magnitude of basin spring peak flows. Field observations in northern Alaska show that an early snow cover reduction may indicate a warmer spring or a thinner snowpack, and a late melt/ decline may be due to a cold spring or a thicker snow cover (Kane et al., 2000) . Comparisons of snowmelt timing with weekly mean peak flows reveal an association of high (low) flood peak with late (early) snowmelt in the Ob' basin . These studies indicate variations in peak flow responses to snow cover melt among the northern regions perhaps due to regional variations and differences in streamflow characteristics, and snow cover and climate conditions. There is a need to better understand snowmelt and runoff generation over the large northern watersheds with a significant warming.
The minimum daily flows (usually in the winter season) ranges from 1680 to 4090 m 3 /s over the study period. The inter-annul variation is much smaller than that for the maximum daily flows.
There is a weak tendency of the minimum daily flow increase during 1973e2011 (Fig. 7) . This change in flow amount is very small and statistically insignificant; it is thus almost undetectable in terms of its contribution to the total flow, i.e. stable ratios of minimum daily flow/mean daily flow over the study period (Fig. 8) . Baseflow increase has been reported for the northern regions and NWT, Canada due to recent climate warming (Woo et al., 2008a,b; St. Jacques and Sauchyn, 2009 ). Yang et al. (2014) discovered Mackenzie basin monthly discharge increases during September to April. Basin storage changes affect low flow and baseflow conditions and their changes. The Mackenzie basin has large seasonal storages due to many large lakes in the basin. The increases in the monthly and daily low flows may reflect changes in the basin storages, including lakes, groundwater, and permafrost and ground ice. The mean daily flows vary from 6500 to 12,300 m 3 /s over the study period; they show little trend, except a weak increasing tendency over the study period (Fig. 7) . The daily mean flows represent basin annual total discharge. Other studies report minor changes in the Mackenzie basin streamflows. Woo and Thorne (2003) concluded that Mackenzie River flows during 1975e2003 did not have obvious trends at annual or monthly time scale, but significant changes in flow variability occurred for several subbasins in different months. There is also evidence of an earlier breakup in the past few decades may be related with increasing spring temperatures during the snowmelt and river ice breakup (Lesack et al., 2014) . Yang et al. (2014) found Mackenzie monthly flows during 1975e2011 increased from September to May, decreased over the summer months, and overall the total flows did not change much. Many studies investigate climate variability at the decadal time scales over the northern regions (Serreze and Francis, 2006) . In order to understand hydrological response to climate variation and change, including hydrologic regime and its change, systematic analyses of the long-term daily discharge records at various time scales are useful. In this study, we calculate the decadal mean daily flows over the past 4 decades, and compare them in Fig. 9 for the Mackenzie River. The results show similar flow patterns over time and some visible differences in flow characteristics. For instance, winter base flows increased gradually over time, with the higher values in the past 2 decades, particularly during JD 1e115. This result is consistent with the weak increase in the minimum daily flow (Fig. 7) . The timing of flow rise over the spring snowmelt season advanced by a few days over the past 4 decades. The timing of maximum flows also became earlier, although the peak flow amounts were similar for the most time periods, except lower values in the 1990s. On the other hand, summer flows were lower in the 1990's, but higher during 1975e80, with 3e4 higher flow events perhaps due to heavy rainfall inputs. These changes in the flow characteristics suggest a hydrologic regime shift toward earlier snowmelt and early summer peak flow season. This result is in agreement with other studies, as Yang et al. (2002) and Ge et al. (2012) found an advance of snowmelt peak flows of the Lena and Yukon rivers over the past several decades.
Summary and discussion
This study systematically analyzes long-term (1973e2011) daily flow data collected near the Mackenzie basin outlet. It clearly determines the seasonal patterns of discharge and its contributions to the Arctic Ocean, and quantifies the variability and change over the past 4 decades. It also examines and compares the extremely high and low flow years, thus providing constraints or boundary conditions for ocean water and heat budget calculations and modeling validations (Dean et al., 1994) . The results of this study accurately describe the seasonal cycle of river discharge, including the range of possible high and low daily flows. The interannual variation of daily flow is generally small in the cold season, the highest in the spring melt period, and large over summer months mainly due to rainfall storm activities and associated floods. This study shows that Mackenzie River flow regime has changed over the past 4 decades due to climate variation, with the advance of snowmelt peak timing by a few days, decrease in maximum spring flows, and rise of cold season base flows. These new results support recent studies for the Mackenzie River, such as earlier river ice breakup of the Mackenzie Delta (Lesack et al., 2014) , changes in basin and sub-basin streamflow characteristics Thorne, 2003, 2014) ; they also complement and enhance other hydrology change investigations for the large arctic rivers in Siberia and Alaska (Yang et al., 2002; Ye et al., 2003; Ge et al., 2012) .
This study is possible owing to the long-term flow data collections in the Mackenzie River basin. Consistent hydrometric and climatic observations and records are essential for global change research particularly over the vast northern regions with the sparse monitoring networks. Past studies mainly use monthly and yearly discharge data to describe hydrological regimes (including seasonality) and changes over the northern regions. It is known that daily flow data are necessary to better represent streamflow characteristics (Yang et al., 2002; Shiklomanov et al., 2007; Ge et al., 2013) , since monthly flow data do not fully represent flow processes, particularly the fast processes, such as the snowmelt and summer heavy rainfall floods. Yang et al. (2014) recently examine long-term daily flow records near the Yukon River outlet during 1975e2008 and find low flows in the cold season with little variation, because baseflow is dominated by groundwater that does not change significantly over the winter. However, for the warm season (May to October), daily flow fluctuations are quite large among the years due to snowmelt, glacier melt, and rainfall variations. Fig. 10 , as an example, compares the mean daily and monthly flows for the Mackenzie River. It is very clear that daily data show more information of flow changes particularly over the snowmelt period (roughly JD 120e160), and they are thus much better than the monthly records to accurately characterize discharge seasonal cycle and its variation. It is important to mention that long-term daily flow records have been collected for many large northern rivers and regions; and they become available through online data distribution and exchange. There have been efforts to use daily flow records, in combination with climate data, for accurate quantifications of basin and regional hydrologic changes. For instance, Smith et al. (2007) analyzed daily discharge data for 111 northern rivers from 1936 to 1999 and 1958 to 1989, and found overall increases in minimum daily flows. The minimum flow increases occurred in both summer and winter, and in nonpermafrost and permafrost terrains. There were no robust spatial contrasts between the European Russia, Ob', Yenisey, and Lena/ eastern Siberia sectors. These increases were generally more abundant relative to the increases in mean flow; they may affect the overall rise in mean flow. The minimum flows are sensitive to groundwater and unsaturated zone inputs to river discharge, this result may suggest a possible mobilization of such water sources in the late 20th century. On the other hand, floods cause more damage in Russia than any other natural disaster, and future climate model projections suggest increases, with climate warming, in the frequency and magnitude of extreme hydrological events in Russia. Shiklomanov et al. (2007) examined the daily discharge records at 139 Russian gauges in the Eurasian Arctic drainage basins regarding changes in maximum discharge. They reported relatively equal numbers of significant positive and negative trends across the Russian Arctic drainage. They also observed a significant shift to earlier spring discharge, which is consistent with documented changes in snowmelt and freezeethaw dates. Spatial analysis of changes in maximum discharge and cold season precipitation revealed consistency across most of the domain. Trends in maximum discharge of the small e to medium-sized rivers were generally consistent with the aggregated signals for the downstream gauges of the six largest Russian rivers. Although they observed regional changes in maximum discharge across the Russian Arctic, they concluded that no evidence of widespread trends in extreme discharge can be assumed from their analysis. Climate fluctuations and human activities affect basin hydrologic conditions and its changes. Many studies demonstrate that discharge trends may depend on climate factors, such as precipitation, snow cover, and temperature changes Yang et al., 2004a,b; Ge et al., 2012) . Human activities, such as reservoir regulation and water uses for agriculture and industry, also affect flow regimes and its changes in both the northern regions Yang et al., 2004a,b; McClelland et al., 2006; Woo et al., 2008a,b) and over the large Asian rivers (Lu et al., 2013; Lu and Jiang, 2014) . It is a challenge to determine and separate the effects of human activities and climate variations on regional flow changes (Yang et al., 2004a,b; Lu et al., 2013; Lu and Jiang, 2014) . Basin hydrologic and climatic analyses are useful to quantify changes and linkages over various parts of sub-basins Thorne, 2003, 2014; Yang et al., 2005) . Relative to the large Asian rivers, human activities and their effects are less significant in the Mackenzie River. This study focuses on the downstream flow regime and change of the Mackenzie River where dam regulation is weak. The results of this work are particularly important for the analyses of basin water budget and freshwater input to the Arctic Ocean. They are also useful for comparative studies of large river hydrology and its changes between the northern and mid latitudes. 
